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RESEARCH MEMORANDUM

SOME CONTROL CONSIDERATIONS FOR RAM-JET ENGINES

By Seymour C. Himmel

BUMMARY

Control requlirements and parameters were determined from calculated
engine performance meps for a fixed-geometry ram jet of & configuration
suitable for strategic supersonic missile propulsion. Several control
schemes for attaining desired englne performance and for stabilizing
miseile £light veloclty during cruise are presented.

For engine operation at minimum specific fuel consumption, criti-
cal diffuser flow conditions must be maintained. This mode of engine
operation may be attained by regulation of diffuser exit Mach number
with flight Mach number according to a predetermined schedule through
a cloged-loop fuel control or by the use of an "optimalizing" control
that malintains maximum diffuser pressure ratio irrespectlive of flight
Mach number.

Regulation of missile cruise velocity may be obteined by use of a
thrust control system in which the engine fuel flow is varied as a
funetion of flight Mach number or by means of an aerodynamic control
system, sensitive to flight Mach number, which causes the missile either
to dive or -to climb in order to increase or to reduce velocity, respec-
tively. The nature of missile response under such control.action is
presented. :

INTRODUCTION

The ram-jet engine offers great potentialities as & propulsion _
system for supersonic guided missiles because of 1ts simplicity of con-
struction, low specific welght, and economy of operation. The regli-
zation of the potential of this power'plant is highly*dependent upon the
development of engine control systems capable of maintaining Rroper
engine operation.
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A propulsion system control is, in general, required to perform
two basic services; these are (1) to maintain desired engine performance
throughout a flight plan, and (2) to minimize departures from desired
performance durling transients resulting from external dlsturbances act-
ing on the englne-alrcraft system. This second element, which exlists
for all engine-aircraft systems, assumes greater lmportance for.the
supersonic ram jet hecause englne performance is greatly affected by
flight. velocity. .

In order to analyze the control requirements for & supersonic ram-
jet englne, an investigation was made at the NACA Lewls laboratory of
the performance of a fixed-geometry ram-jet engine of a configuration
considered representative of those desirable for the propulsion of
strategic guided mlssiles. From the computed performance meps thus
obtained it was possible to select engine variables sultable for use
as control parameters for. ¢btaining certaln modes of englne operation.
Several control schemes utilizing the selected varisbles are presented
and the advantages and disadvantages-of the different schemes are dis-
cussed. The second phase of the study is- concerned wlth the inter-
relation of the ram-jet propulslon system and the aircraft it propels
and 1s concerned with the stabilizetion.of the flight velocity of the
engine-missile system. Two methods of stabllizing flight veloclty sare
proposed and the character of the system response to external distur-
bances is presented. For both elements of this investigation, the
principles of operation of these controls, Father than detailed design

considerations, are discussed:

METHOD OF ANALYSTS

Engine configuration. - The ram-Jjet configuratlon selected for this

study 1s shown schematically in figure 1. This configuratlon was designed

to cruise at a flight Mach number of 3.0 and lncorporates a spilke-type
diffuser. At the design point the ratic of diffuser capture ares to
combustion chamber entrance area Ag/A; is 0.786, which ylelds a com-
bustion chamber entrance Mach number of 0.199 at design flight Mach
number and an engine total temperature ratio of 2.2. (The symbols used
herein are defined in the appendix.) The exhaust nozzle is of the _
convergent-divergent type with a contraction ratioc. /A4 of 0.556 and
expands to combustion chamber diameter at the exit. e ratio of engine
length to combustion chanmber diameter 1s 6.0. The moderate value of
the engine temperature ratio at the design condition 1s in accordance .
with the requirements of high engine efficlency for strategic mlssile
applications.

Assumptions asnd method of computation: - The diffuser pressure
recovery characteristic assumed for the performance calculations is
shown in figure 2, where maximum diffuser pressure recovery is plotted

U
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as a function of flight Mach number for & fixed diffuser geometry
designed for a flight Mach number of 3.0. The recoveries indicsated
compare favorably with those achieved by flixed-geometry single cone
diffusers in this Mach number region. L

At a glven flight Mach number and altitude, specifying the engine
temperature ratio defines the -internal performesnce of the engine. - One-
dimensional flow relations were used in computing the internal perfor-

mence of the engine. The pressure drop across the flame holder%’E§§,7~ 2 '
assumed equal to two combustion chamber entrance velocitz_gggﬁsg For j?;\

subcritical engine operetion, that is, for the diffuser operating at
less than the meximum mess flow ratio, it was assumed, for simplicity,
that the diffuser pressure recovery was constant at the maximum attein-
able at the glven flight Mach number. For each value of temperature
ratio the net thrust, diffuser Pressure ratio /p , diffuser exit
Mach number M,, fuel flow W ‘and fuel-air- rat%o were determined.
Effective values of fuel flow are used throughout rather than absolute
values, which are & function of combustion efficiency. The effective
fuel flow is defined as the product of actual fuel flow and combustion
efficiency. The fuel characteristics assumed are those of a typical
hydrocarbon fuel. .

The external characteristics of the engine considered were the
additive drag, friction drag, and cowl pressure drag. The addltive
drag was computed according to the method presented in reference 1.
The friction drag was computed using the flat-plate formula of refer-
ence 2, which assumes the temperature of the boundary-layer alr to be
the arithmetic mean of the wall and the free-stream temperatures, aund
was increased by 5 percent to account for the effect of body geometry
on friction drag coefficlent. The diffuser cowl was assumed to have
a 1ip angle of 6° and an external length of approximately 0.6 combus-~ -
tion chamber diameters. Cowl pressure drags were estimated from two-
dimensional and conical flow considerations. The sum of these drags
was subtracted from the net internal thrust to yleld what is designated
the propulsive thrust. FP of the engline. From the propulsive thrust
and the engine effective fuel flow, the specific fuel consumption of the
engine was computed.

Engine performance was computed for Mach numbers from 2.6 to 3.4
for altitudes above 35,000 feet. .Again, the range of conditlons selected
for the computations is in accord with conditions considered desirsable
for long range ram-jet powered missiles.
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RESULTS AND DISCUSSION
Engine Performance

. The calculation of engine performance indicated in the preceding
section provides sufficient data for the preparation of the performance
charts sinwn in figure 3, where engine propulsive thrust is shown as a
function of corrected effective fuel flow, englne total temperature
ratio, diffuser pressure ratio, and diffuser exit Mach number for &
range of flight Mach numbers. Both propulsive thrust and effective fuel
flow have been corrected by combustion chamber area to make the charts
applicgble to any size engine of this configuration and by ambient sta-
tlc pressure to generalize the varighles for the effect.of altitude
pregsure in the isothermal region of the atmosphere. Reynolds number
effects are neglected in such a generalization.‘ a ' o

At any flight Mach number the thrust curves show certain basic

characteristics. As effective fuel flow or temperature ratio is increased,,

thrust increases rapldly as does the diffuser pregsure retic. At the
critical point, meximum mass flow through the englne and maximum pres-
sure ratio are attained, and at this point a discontinuity occurs in the
slope -of the.thrust curve. Beyond this point the propulsive .

thrust increases only slightly with increasing engine temperature ratic
or fuel flow; such engine coperation ls termed subcritical and may be '
accompanied. by a diffuser flow instability termed "pulsing" or "buzz
(reference 3).

The variation of thrust specific fuel consumption wilith effective
fuel flow and thrust 1s shown in figure 4 for several flight Mach num-
bers. It can be seen that minimum specific. fuel consumption occurs at
the point of critical diffuser flow (fig. 3) and that the increase of’
propulsive thrust ohtained by operating in the subecritical region is |

s ».ccompanied by large increases in thrust specific fuel consumption.

Supercritical. operationm, that is, operation at reduced pressure recoverles
and thrust, also ylelds increased velues of specific fuel consumption,
but there is & region near the critical point where only a slight reduc-
tion in englne efficiency occurs. -

In order to achieve & specified range with minimum missile weight
it 1s desirable to operdate & ram jet at its polnt of minimum specific -
fuel.consumption, for at this point not only maximum engine efficlency
but also almost maximum thrust is sttalned at a.given flight Mach num-
ber. As indicated by the preceding performence, curves, this condition
of minimum specific fuel consumption occurs at the critical diffuser -
condition and thus establishes a possible control reguirement for long

range missile configurations; that is, the control must maintain criti- '

cal diffuser flow. T S -
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Control Relations

It can be seen 'that the basic control comsiderations for the ram-
Jet engine operating at supersonic flight speeds are inherently con-
cerned with the characteristics of the inlet diffuser. In effect, the
control problem for the ram jet may be resolved into the determination
of the method of manipulation of the input variable to attain satis-
factory diffuser and hence engine performance.

The fixed-geometry ram jet has but one input variable which can
be manipulated to obtaln the desired engine operation - this variable
is engine fuel flow. The effective fuel flow required for critical
engine operation is shown in figure 5 as a. function of flight Mach num-
ber. The fuel flow for thls mode of engine- operation (minimum specifilc
fuel consumption) increases exponentially with flight speed and varies
threefold over the range of Mach numbers shown. In order to maintain
critical operation of the engine, it 1s, of course, possible to esched-
ule the corrected fuel flow as & function of flight Msch number; but
this requires accurate knowledge of the varistion of combustion effi-
ciency during a flight plan and such & control scheme can offer no~_
positive assurance of proper engine operation. _ 4£§?4?

It is advantageous to utilize some engine variable which is truly
indicative of the engine operating polnt to control the fuel flow to
the engine. Two engine parameters which satisfy this requirement and
are not functions of combustion efficiency are the ratio of diffuser
exit total pressure to ambient static pressure (diffuser pressure ratio)
and the diffuser exit Mach number. The varistion of these parameters
with flight Mach number required for critical engine operation may be -
obtained from figures 3(c) and 3(d), respectively, and are shown in
figure 6. These curves represent, in fact, possible control relations
for critical ram-jet operation which can be meintained by variation of
engine fuel flow; that is, the desired value of either of these para-
meters can be used as & scheduled function of the flight Mach number
attainable by menipulation of the fuel flow in & closed-loop fuel con-’
trol. The application of each of these variables in such a control
system is now consildered.

Control of diffuser pressure ratio. - A block diagram of a possi-
ble control system utilizing the control relation between diffuser pres-
sure ratlo and flight Mach number is shown in figure 7. In the system
shown, f£light Mach number is messured by a Machmeter or similar instru-

~ment and this signal 1s fed into & scheduler. - This scheduler has built

into 1t a computing device (such as cams or specially wound potenti-
ometers) such that its output bears the functional relation to flight
Mach number indicated in figure 6(b). The output of the scheduler is
therefore the requlred value of diffuser pressure-ratic. The value of
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pressure ratio existing at the diffuser exit:is measured and this sig-
nel is fed back to be compared with the required velue of Py/py in &n
error detector:. Any errar or. difference between the required and exlst-
ing value of pressure ratio acts through a fuel control to vary the fuel
flow in such a manner as to bring the error to zero, thus attaining the
desired operating pocint. This system is advantageous because it suto-
matlcally corrects for the varlation in ambient .pressure with altitude
and is not influenceéd by variations in combustlon efficiency.

This system has, however, one important disadvantage: such & control
mey easily be "fooled" into placing the engine in the suberitlcal region
with -attendant loss of efficiency and possible diffuser pulsing. The
manner in which this occurs can be deduced from figure 8, which presents
plots of diffuser pressure ratio agalnst effective corrected fuel flow
at various constant flight Mach numbers.- -The plot has been subdivided
into supercritical and subcritical operating regions. In the super-
"critical engine operating reglon, an increase in fuel flow results in
an increase in pressure ratio; therefore if the conirol shown in figure 7
senses. a diffusér pressure ratio less than the set value, it will act
to increase the fuel flow and thus raise.the diffuser pressure ratio,
bringing the englne toward the critical point. At the critical point,
there is & discontinulty in_the pressure ratio curve; the nature of
this discoatinuity is a function of the dlffuser characteristics. In
general, there are two possible behaviors of pressure ratio in the sub-
critical region - the pressure ratic may have a constant value (as was
assumed for the computations), or it may decrease wlth increasing fuel
flow (as indicated by the dashed lines) with possible attendant pulsing.
In elther event it is posslble. for the contral to 1lncreasé the fuel flow
continuously in an effort. to raise the pressure ratio, and either engine
failure or combustion blow-out will .occur. In the case of the flat dif-
fuser characteristic, this could be caused hy an error in the control
schedule, a calibratiod error, for example, such that a value of pres-
sure ratio is set that is higher than the.value attainable at the given
Mach number. For a diffuser with a decreaging pressure ratloc charac-
teristic, any disturbence which acted to place the engine in the sub-
critical region could initiate the continuous increase of fuel flow.
Therefore, this control scheme would be relatively unsatisfactory for
critical engine opersation. unless some sort of fuel flow limiting device
were Iincorporated 1n the system. o :

ES

Control of diffuser exlt Mach number. - The use of diffueser exlit
Mach number to control.fuel flow overcomes the principal disadvantege
of the system controlled by diffuser préssuré ratic. The control sys-
tem using this parameter is essentially the same as that shown in fig-
ure 7 for the pressure ratio system, the difference being that MZ is
measured and that the output of. the schedule is related to the flight .
Mach number by the curve shown in figure 6(a). The system operates in
a similar menner; any difference between the required value of diffuser
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exit Mach number and the value exlisting in the engine acts through the
fuel control to reduce the error to zero, thus attaining the desired
operating point. This system possesses all the advantages of the sys-
tem controlling diffuser pressure ratio - it compensetes for changes Iin
ambient pressure and is also unaffected by variations in combustion
efficiency. Furthermore, the relation between diffuser exit Mach num-
ber and fuel flow 1s continuocus, as can be seen from figure 9, and there- .
fore continuocus increase of fuel Fflow cannot be caused by inadvertent
suberitical operation. If the engine should get into the suberitical
region, the value of the exit Mach number would be below that required
for critical operation, which would cause the control to decrease the
fuel flow and thus bring the engine back toward its critical point. Of
course, thils system could produce subceritical operation If the schedule
were in error and called for a value of diffuser exit Mach number below
that required for critical operation. In this event, the control would
maintain subcritical operation but would not continually increase the
fuel flow. The chief disadvantage of thlis system would appear to be the
small order of the variation of the controlled parameter, variation of
from 0.16 to 0.25 being sufficient to cover almost the compléte range
of thrust at a given flight Mach number.(fﬁhis would require the develop-
ment of highly accurate sensing devices to measure the diffuser exit

Msch number.

It should be noted that the control systems Jjust proposed can be
used to attain modes of engine operation other than critical-point oper-
ation, since at any flight Mach number there exist unique relations
emong diffuser pressure ratio, diffuser exit Mach number, and engine
thrust. The sttainment of any desired mode of englne operation within
the capabllities of the ram Jet requires merely the use of a different
control schedule relation in the systems presented. The discussion has
been limited to critical-polnt operation because, as previously stated,
this menner of engine operstion is desirable for long range missile
application.

Optimizing control. - Inm order to atiain critical operation of the
engine, the controls considered have depended upon a schedule of a con-
trolled variable with flight Mach number and as such are subject to
errors and inaccuracies caused by possible variastions in engine charsac-
teristics due to menufacturing tolerances and other similarly unavoldable
factors. The ram-jet engine possesses, however, & property that makes
possible the elimination of such sources of error and the fullest utili-
zation of the capabilities of the engine. This property is, paradoxicslly,
the peaks in the pressure ratio curves which were the source of 4iffi- .
culties in the Ffirst control system considered. The coincidence of these
peaks with the point of optimum engine performance makes possible the
utilization of the underlying principles of the "optimalizer"™ control as
proposed 1ln reference 4. Such a system will seek the point of maximum
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diffuser pressure ratio at all times and thus will achieve critical
engine operatlon. - .

The principle of operation of this control may be illustrated by
8 consideration of figure 10. 1In this figure is reproduced the vari-
ation of diffuser pressure ratio w1th.fuel flow at a constant flight
Mach number. (The decreasing pressure ratio characteristic is shown
here, for this is the most prevalent behaviotr 6f diffusers.) The con-
trol operagtes in “the following manner: A small periodic variation . in -
fuel flow, superimposed on the mean fuel flow, 1is sent into the com-
bustion chamber. .Changes in.the diffuser pressure ratio Pz/p result
from the variation in fuel flow and the pressure ratioc variations are
measured and compsared with the impressed fuel flow varistion. If the
engine is in the supercritical region, then, as ‘can be seen from fig-
ure 10, an increase in fuel flow Fresults in an increase in pressure
ratio; for a sinusoidal fuel flow variation, the variation of the para-
meters with time will appear as shown in the lpwer left. The fuel flow
and pressure ratio slgnals are essentially in phase. This in-phase
relation between input and output is ‘detected b¥ & phase sensitive device;
the output of.the phase detector causes a “fnel” cotitrol to increase the
average fuel flow and thereby Yrings the engine toward the critical .
point. - If the engine is in the subcritical region, an increase in fuel
flow will result in a decrease in pressure ratio. This condition is
illustrated in the lower right of figure 10.. .In this réglon, the vari-
atlon in pressure ratio is essentially 1860 out ‘of phase with the fuel
flow and the phase detector output will cause the fuel &ontrol to
decrease the fuel flow and therefore hring the engine beck toward the
critical point. The control just described is of the "on-off" type in
that the average fuel flow 1s ‘elther increasing or decreasing gnd 1s the
simplest possible type of such an optimlzing system. Reference 4 dig-
cusses more refined schemes for attaeining desirable optimalizing contral
performance. (A control of this nature, thet is, an optimalizing system,
is under development and is discussed in reference 5. ) '

This contral seeks peak pressure ratioc a2t all times and thus auto-
matically satisfies the requirement for critical engine operation. It
has all the advantages of the previously discussed systems, that is,- 1t
ls independent of altlitude and combustion efficlency. Under such control
action, there will, of course, be the continuous variation in thrust
caused by the variation of fuel flow, but this can be’ kept gmall as ~
determined by the minimum input signal size acceptable for contrcl pur-
poses. -One important requirement for the successful application of such
a control 1s the existence of a suffic1ently vide band of frequencies,
free from noise and interference effécts, on elther side of the frequency
of the lmposed disturb&nce Such & band may Be difficult to find in a
ram jet because combustion roughness ‘end difTuse¥ pulsing may produce
noise of. large amplitude in the diffuser pressure signal over a very

wlde. range of frequennies._ R T - _ : e
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Flight Considerations

Thus far only the considerations involved in attaining a desired
engine operating point have been discussed. The interrelation of
missile flight plan requiremente and ram-jet performance will now be
discussed. Long range missiles powered by air-consuming power plants
are normally designed to cruise on the Breguet flight plan, which
requires that the missile maintein constant flight Mach number. The
operating map of the ram-Jet engine considered in this investigation
is shown in figure 11(a), in which is Plotted the variation of corrected
thrust with flight Mach number at several constant corrected fuel flows.
These curves are cross plots of the curves of figure 3(a). The cruise
flight Mach number for the system considered Is 3.0 and at this point
the propulsive thrust must equal the missile drag. A typical missile
drag curve at constant angle of attack and essentially constant alti-
tude is superimposed on the engine map such that cruise with critical
engine operation at Mach number 3.0 1s attalned. Only one equilibrium
point is indicated on this flgure, the crulse point at Mach number 3.0.
The engine masp has been subdivided into suberitical and supercritical
operating regions.

It is apparent that for an engine operating at constant corrected
fuel flow the configuration is unstable in flight velocity; any exter-
nal disturbance acting to decrease missile flight speed would place the
system in a reglion where drag 1s greater thap thrust and continuous
deceleration would result. On the other hand, a dlsturbance acting to
increase missile velocity places the system in a region where drag is
greater than thrust and the decelerating force which exlsts in this
region has a stabllizing effect, tending to restore the system to cruise
velocity. If a control designed to maintain criticel engine conditions
were in operation,  the engine thrust lline would be that shown by the
dash-dot 1llne. Under this mode of engine operation the system is unstable
for either form of external disturbance. Similar instability charac-
teristice may be deduced from figure 11(b), which shows engine perform-
ance at constant diffuser exit Mach number. This velocity instability
represents a control problem of prime importance for the cruise phase
of a missile flight plan.

Two means for stabilizing missile velocity ere considered: The
first 1s to utilize available aerodynamic and gravitational forces to
stabilize flight veloclty. If, for example, the missile is helow cruise
veloecity, the angle of attack may be decreased.  This change in angle
of attack decreases the drag and 1ift and places the missile in a shallow
dive to increage the velocity. The second method is to vary engine
thrust through fuel flow to provide a restoring force for the missile.
For an engine designed to cruilse at critical conditions this normally
cannot be done safely, for an increase in fuel flow results in subcriti-
cal operation which may be accompanied by diffuser instability. Also,
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the avallable increase of thrust 1s. quite smpll and excessively long
response times would prevall. It is better, to design the engine for
supercritical operation at the, cruise veldeity which then safely pro-
vides the necessary latitude of thrust variation €6 stabilize fight -

veloclty. This design, however, requires an oversized englne to pro- .
pel the missile, which results in an increase in misgile weight, becalse -
supercritical engine thrust and efficiency are less than those attain— N
able at the criticsl polnt. ) o=
o

In order to determine the nature of missile behavior during tran- 55}7

sients when the missile is gperating under controls utilizing these .
methods of missile velocity: stabilization, the dynamics of an idealized L
mlssile-engine combination were. investigated ‘with ‘the ald of a differ- Ll
ential analyzer for a representative missile configuration. The drag
characteristics of the airframe (minus engine nacelles) considered are
shown in figure 12 as a plot of drag coefficlent (based on wing area)
agalnst flight Mach pumber for several. angles of attack. Missile weight
was assumed to be 25,000 pounds, the ratio. of engine combustion chamber N
area tQ wing area was 0.0269, the wing loading was approximately 92 poands =

60,000 feet. At cruise conditions the angle of attack was 3.5 degrees ) o
and the drag curve in figure 11l is-for. this angle of attack ) '
Velocity stablliizatlon through angle of attack. - A block diagram
of & possible control system for cruise.velqcity stabilization utili-. . LTl
zing aerodynemic forces is shown in figure 13. Missile flight Mach num- -
ber is sensed and  compared with the required Mach number in an. error
detector. If any difference or. error exists between'measured and set
flight Mach numbers, this error signal acts: througn an angle af attack
control to vary the angle of attack in proportion to the magnitude of
the error. The control acts to increase angle of attack for averspeed
conditions and to decrease 1t for less than the reqnlred speed. As the
misslle approaches the cruise veloc1ty, the error decreases and the
angle of attack is restored ta.itsg. equilibrium value. “The engine con—
trol. plays & relatively minor role in this system Essentially, it 7
should be designed to maintain maximum safe thrust (1.e., critical thrust)
during underspeed- conditlons end a safe thruet’ e, g, constant fuel flow - 7T
operation) when the missile is above the required_speed. As such, this s
can be g critical-point operation contral _of the type discussed pre- o
viously with & fuel flow limiting device incorporated for overspeed con—
ditione. For the mlssile- configuration studled, the time required ta _
change the attitude of the migsile in pitch was assuned small’ comparéd S
with the time required to .change the.flight speed, and the equations & . 7 °
motion of the missile wege solved with, the_dynamics of atfitude changes
not considered. .These dynamlcs must, of course, be considered in’ the -
deslgn of an actusl. control system.

T S, L S N T
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The response of the missile considered to a disturbance in flight
veloclty under the action of the control system of figure 13 is shown in
figure 14. Plotted are the variations of velocity and altitude with time
for an initial departure from crulse velocity of minus 100 feet per sec-
ond. The control considered was & simple proportional device with & gain
of 3° angle of attack per 100 feet per second error in flight velocity.
For this type of control action, the missile response is a damped oscil-
lation in both velocity and altitude. The missile passes through the
cruise velocity after about 1/2 minute but requires about 5 minutes
before the oscillation damps to 10 feet per second. During the initial
oscillation, the FTlight altitude drops 4200 feet and after 5 minutes the
oscillation has been damped to +400 feet. Increasing the control gain,
that is, increasing the change of angle of attack per unit error in flight
speed, tends to decrease the response time and increase the demping;.
however, this ls accompanied by an increased excursion_in altitude during
the first oscillation.

The control c¢onsidered was & pure proportional control and is used
merely to 1llustrate a principle of control rather than to represent
optimum control design. A more elaborate system based on the same con-
trol principle using either derivative or integral as well as propor-
tiocnal action would probably decrease the oscillatory nature of the mis-
slile regponse and yield shorter response time &s well. The response
times involved are rather large, but are typical of aircraft velocity
responses &t high altitudes because such systems are characterized by
high inertia and operate in a rarifled atmosphere with attendant small
restoring forces, .

Velocity stabilization through engine thrust. - The second control
system for stabilizing missile velocity during cruise requires super-
critical englne operation. In order to investigete this type of stabi-
lization, engine size was increased 19 percent so that the cruise point
was as shown in figure 15. For this mode of engine operation the mis-
slle is essentially stable In velocity at cruise. For constant corrected
fuel flow operation, the missile drag ls greater than the thrust for
overspeed conditions and & decelerating force exists which acts to
restore the missile to cruise velocity; at flight velocities below cruise
but above Mach number 2.8, thrust ls greater than drag and an accelerating
force exists which acts to restore the missile to crulse conditions.

This restoring force is small, however, and the time required to return
to equilibrium would be excessive. The response of the missile to a
disturbance in flight velocity when the engine is operated at constant
corrected fuel flow is shown in figure 16. Plotted are the variation
with time of veloclty and altitude for an initial disturbance in velocity
of minus 100 feet per second. The angle of attack was assumed constent
during the transient. The missile accelerates rather slowly and after
about 7.25 minutes is within asbout 10 feet per second of the cruise veloc-
ity. Missile altitude varies during this time because of the change of
1lift with velocity and appears to approach a sustained oscillation, a
limit cyele.
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In . order to decrease the time of response an engine thrust control
may be used to increase the magnitude of the restoring force. A block
diagram of such a system 1s shown in figure 17. The flight Mach num-
ber is measured and compared with the requlired value; if a difference
or error exists, thls error signal acts through a fuel ¢ontrol to .
increase thrust if the missile 1s below speed and to decrease thrust 1if
the miseile 1s over speed, thus producing an increased’ ‘restoring force
to bring the system to its equilibrium point. The use of high control
gain for such a system, that 1s, large changes of fuel flow per unit
error in velocity, can result in undesirable subcritical engine operation
during a transient. In order to prevent such a condition, a limiting
device may be incorporated in the. control to~ prevent guberitical oper-
ation. Such a device could be the system considered earlier. for attalin-
ing critical operation by scheduling diffuser exit.Mach number with
flight velocity. Thls system can be designed to act as a limiter rather
than as & primary control and will then 1imit effective fuel flow to
safe values during underspeed conditions. A minimum fuel flow limit
for overspeed conditions is also required to prevent combustion blow~ .
out. - . .

The response of the missile acting under such a control scheme, that
is, thrust control with limiter action, is shown in figure 18 for an
initial displacement from cruilse velocity of minus 10Q .feet per second
and with missile angle of attack held constant. The velocity returns to
the cruise value in & nearly linear menner with a siight’ superimposeq
osclllation. About 3 minutes are required for the missile to attain
crulse velocity. Missile altitude oscillates during the tramsient
becaise of the.change in 1ift with velocity and settles into a sustained
oscillation of small amplitude, about 1200 feet, with a period of
approximately 2 minutes. The response time of the partlcular ‘system is
of the same order of magnitude as that of the aerodynamic contral system,
but it must be remembered that the engine size is 19 percent greater.
than that considered previcusly and that maximum available restoring
force was attained with the limiting contral. The response time deter-
mined may therefore be considered to represent a minimm for this gys-
tem. For smaller increases in engine sgize, the available restoring
force decreases and larger response times result.

One relatively simple method for automatically obtaining a high gain
contral for cruise veloclty: stabilization is suggested in reference 6.
This system operates by controlling the fuel flow to maintain a constant
diffuser pressure ratio Ps/py. The operating map of the engine under
such control action is shown in figure 19, where K corrected propulsive -

thrust is plotted against flight Mach number at several constant diffuser

pressure ratios. The system has & high degreé of inherent stablllity and
essentially needs no flight Mach number setting device, since setting a

value of . Pz/p sets the cruise flight Mach number; however, the accu-

rate calibration of the engine required may be difficult to attain.

8570 , & .
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The engine must be operated supercriticaelly during cruise under this
control scheme, and thus will be oversized, as for the thrust control
system previously discussed. In addition, provision must be made to
prevent subcritical engine operation since, as indicated . in figure 19,
engine thrust is not defined dt comstant diffuser pressure ratio in
this region. Missile response under such a control scheme would be.
very similar to that shown in figure 18. -

The cholce of a cruise-velocity control system depends upon many
factors. Among these are the requirements of the flight plan, the
requirements of the guidance or navigation system, and the nature of
disturbances which may be encountered along a flight path. If it is
necessary that missile weight be kept at a minimum in order to achieve
a specifled range, then critical engine operatlion and use of aerody-
namic control for velocity stablllzation are iIndicated. If missile
weight is not critical, thrust control with supercritical engine oper-
ation during cruise offers the advantages of inherent stability and a
minimum of variation in altitude. The missile guidance system may
require a fast veloclty response so that the missile may stay within
the limits of a time-progremmed flight plan. In this event, aerody-
namic stabilization with high control gain appears to offer the best
solution. The nature of the disturbances expected during flight plays
an important role 1n the selection of the velocity control system. If
the disturbances are slow acting and of small magnitude, either control
scheme would be satisfactory. On the other hand, impulse-like disturb-
ances of large repetition rate might cause serious reduction of range
for eilther control scheme because of sensitivity to f£light Mach number,
and the loss of range during transients is an important considerstion
in the selection of a control system.

The selection of a cruise velocity control system must therefore
be an engineering conmpromise based upon an evaluation of the require-
ments of the particular missile configuration and flight plan and the
nature of the disturbances expected during the filight.

CONCLUSIONS

An anelysis based on the calculated performance of a fixed-geometry
ram Jet of a configuration suitable for strategic supersonic missile
propulsion was used o evaluate control requirements and parameters.
The following conclusions were made:

1. For engine operation at minimum specific fuel consumption, the .
ram Jet should be operated with critical diffuser conditions. Such
operation may be attalned by several control systems:
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(a) Regulation of diffuser pressure ratio according to a predeter- _ .
mined schedule with flight Mach number by meahs of a closeéd-loop fuel . . [T
control. This system is, however, capable of causing engine failure . . e
if the engine should get into subcritical‘operation.”_m__ '

(b) Regulation of diffuser exlt Mach number according to a pre-
determined schedule with flight Mach number by means of a closed—loop
fuel contral. e e . L. o . v .

S emp — A e . R -
" e . St L wmwn

(c) An "optimalizing" control system which sutomatically seeks e
maximum diffuser pressure-ratio at all times. This system possesses : e
the advantage of not requirlng'a schedule in.order to ohtain critical ' o
engine operation. LTI e s mmmmsamm e s el

All . the systems listed are not affected by changes of altitude or s
combustion efficlency. - =T . S =

2. Any other mode of engine operation within engine capabllities e
may be attained with the system described in 1(a) and 1(b) by use of an . 7~
appropriate schedule of the. control parameters with flight Mach number. '

3. When.operating under a control maintaining critical engine _ e
operation, the engine-alircraft system is unstable in flight velocity. -
Two methods of stabilizing flight velogity are: . . o

(a) Use of aesrodynamic controls. that cause the ailrcraft eilther
to dive or climb, according to the difﬁerence Dbetween measured and
desired flight Mach number.. - -

(b) Use of engine thrust control through fuel flow from & control.
that senses flight Mach number and varies fuel Tlow according tc the
difference hetween measured and_des1re@_vaioeo_of_ilight Mach number.

Mach number control by causing the missile either to dive or climb
has inherently faster response in missile velocity than thrust control,
but can be accompanied by large excursions in flight altitude. Thrust
control normally will require. erulse with. supercritical engine operation,
under this condition the alrcraft 1s esseptially stable, but larger
englines and higher specific fuel consumption must be accepted for a o

glven girframe. .- = -

Lewis Flight Propulsion Laboratory. - R -
National Advisory Committee for. Aeronautics oo e
Cleveland, Ohioc
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A area, sq ft

CD missile drag coefficlent based on wing areas .
FP propulsive thrust, 1b

M Mach number

P total pressure,“lﬁ/sq £t

P static pressure, lb/sq Pt

T total temperature, °R

W, fuel flow, lb/_hr

a angle of attack, deg’

nb coﬁbustion efficiency

T  engine total temperature ratio, T 4/T2
Subscripts:

R required velue of a coantrolled variable
0 free stream

1 diffuser entrance

2 - diffuser exit

3 downstream of flame holders

4 nozzle ‘entrance

S nozzle throat

6 nozzle exit

APPENDIX - SYMBOLS
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Thrust specific fuel comswmption, nyWe/Fp
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